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Temperature dependent Luttinger surfaces 
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The Luttinger surface of an organic metal (TTF-TCNQ), possessing charge order and spin-charge 
separation, is investigated using temperature dependent angle-resolved photoemission spectroscopy. 
The Luttinger surface topology, obtained from momentum distribution curves, changes from quasi- 
2D (dimensional) to quasi- ID with temperature. The high temperature quasi-2D surface exhibits 
4/cf charge-density-wave (CDW) superstructure in the TCNQ derived holon band, in the absence 
of 2fc_F order. Decreasing temperature results in quasi-lD nested 2&f CDW order in the TCNQ 
spinon band and in the TTF surface. The results establish the link in momentum-space between 
charge order and spin-charge separation in a Luttinger liquid. 

PACS numbers: 71.20.-b, 71.10.-w, 79.60.-i 
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The Fermi surface defining a metal [jj] is a set of points 
in momentum (k) space at which a dispersing quasipar- 
ticle band crosses the Fermi-level (Ep) in energy dis- 
tribution curves (EDCs), with corresponding peaks in 
momentum distribution curves (MDCs) 0. This holds 
for a correlated Fermi liquid. In contrast, many Lut- 
tinger liquids do not show quasiparticle band-crossings 
at Ep in EDCs as measured by angle-resolved photoe- 
mission spectroscopy (ARPES) 0. This is also true for 
many quasi-2D high-T c cuprates and related materials 
0, HI El HI F° r the cuprates, this has been shown to 
be due to electron fractionalization or spin-charge sepa- 
ration in a quasi-lD Luttinger liquid. Recent theory 
has also predicted that Luttinger liquids should exhibit 
a so-called 'Luttinger surface' - the equivalent of a Fermi 
surface for a non- Fermi liquid. 

TTF - TCNQ ( tetrathiafulvalene - tetracyanoquin- 
odimethane ), is an organic metal consisting of TTF 
(donor) and TCNQ (acceptor) columns stacked along the 
b-axis, and has been extensively studied for its struc- 
tural transport and thermodynamic properties [Tfl ITll 
IT2I [l3L Ihfl. Il5j. It is a classic example of a quasi 1- 
D correlated metal with a Peierls' transition, exhibiting 
2kp and 4k p CDW order alon g th e b* (or k y ) direction 
in fc-space [H El Elll5|. These two aspects, 

namely (i) the strong electron-electron correlations and 
(ii) the clcctron-phonon coupling induced Peierls' tran- 
sition setting in at 54 K, are believed to occur in dif- 
ferent parts of the electronic structure : the TTF elec- 
tronic structure displays the 2kp Peierls' order and the 
TCNQ part exhibits the Akp Coulomb correlation driven 
order [u], 0, 0, 0, . More recently, this system has 
also served as a very good example of a correlated metal 
exhibiting spin-charge separated branched dispersions of 
the 1-D Hubbard model, thus confirming its non-Fermi 
liquid character 0, . In this work, we investigate the 
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relation between spin-charge separated dispersions and 
the temperature-evolution of 2k p and Akp CDW order 
involving specific electronic states constituting the TTF 
or TCNQ Luttinger surfaces. 

Angle-resolved photoemission spectra were obtained 
from single crystals of TTF-TCNQ using a Scienta SES 
2002 analyzer and a Gammadata-discharge lamp (He Hot, 
\\v = 40.8 eV). The energy and momentum resolutions 
for the ARPES measurments were 20 meV and 0.01 A~\ 
respectively. A thin film filter p(l | was instrumental in 
obtaining the spectra without degradation as a function 
of time and exposure to UV photons over several hours. 
The samples were cooled using a flowing liquid He cryo- 
stat and the temperature was controlled within ±2 K 
using a temperature controller. Fresh surfaces were ob- 
tained by cleaving the samples in-situ and the tempera- 
ture dependence was confirmed to be reproducible. 

In Fig. l(a)-(c) we plot two dimensional intensity maps 
as a function of momentum in the first Brillouin zone of 
TTF-TCNQ, for T = 200 K, 100 K and 30 K, obtained 
from ARPES spectra. The intensity maps are obtained 
for an energy window of 50 meV (Ep to 50 meV binding 
energy) and the high intensity regions correspond to Lut- 
tinger surfaces in the first Brillouin zone. At 200 K, the 
main Luttinger surfaces consisting of the TCNQ surface 
(along slice 1, centered at k y ~ ± 0.17b*) and the TTF 
surface (along slice 2, centered at k y ~ ± 0.13b*), are 
well-separated in fc-space and quasi-2D. These are shown 
schematically in Fig. 1(e) as red (TCNQ) and yellow 
(TTF) regions. Additional replica features only for the 
TCNQ branch are seen in Fig. 1(a) at momenta trans- 
lated by a value of ~ 0.6b*, along slice 1 (brown regions 
in schematic Fig. 1(e)). The observation of replica fea- 
tures translated by ~ 0.6b* correspond to the observa- 
tion of Akp order, consistent with superstructure spots 
in structural studies 0, IT3L IT^j . This surface arises 
from the holon band crossing at Akp, which is absent 
in band structure calculations pi), but is obtained in 
the 1-D Hubbard model 0, 0] . While the high energy 
band dispersions have been reported for the TCNQ holon 
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band a Luttinger surface obtained from low energy 
spectral weight (within 50 meV of Ep) has not been pos- 
sible earlier due to the very low intensity near Ep. The 
holon band derived Luttinger surface confirms the va- 
lidity of the 1-D Hubbard model at low energies. It's 
presence also indicates that the main TCNQ band along 
slice 1 is the spinon band and not simply the uncorrelated 
TCNQ band expected from band structure calculations. 
We have measured and confirmed the high energy dis- 
persions (not shown) to be in excellent agreement with 
earlier work 

[HQS. At T = 200 K, since the separation 
between the main TTF and TCNQ bands are not equal 
to 2kp, the Akp order exists in the absence of 2kp order. 
The 2kp CDW order is expected to show up only below 
150 K, as is known from earlier studies [L2l llfl III ] . 

At T = 100 K, the separation along the b* direction 
seen in the TTF and TCNQ branches is reduced and they 
merge together (Fig. 1(b)), with the observation of ad- 
ditional weak features in the map. These changes occur 
above the Peierls' transition (which sets in below 54 K), 
and correspond to the growth of the 2kp CDW order. 
While these weak features derived from the low energy 
electronic structure were not observed in earlier ARPES 
studies [l7L[T^ |. they are consistent with a recent analysis 
of X-ray diffuse scattering above the Peierls' transition, 
due to quasi 1-D structural fluctuations . At the low- 
est temperature of 30 K (Fig. 1(c)), below the Peierls' 
transition at 54 K followed by additional order at 38 K, 
the TTF and TCNQ parts of the main Luttinger surfaces 
satisfy the nesting condition for the 2kp CDW order and 
are nearly 1-D. 

MDCs obtained at T = 30 K with high signal to noise 
ratio, using the same energy window of 50 meV as for 
the maps of Fig. 1, are shown along T-Y (Fig. 2(a), 
slice 1) and along Z-C (Fig. 2(b), slice 2). The MDC 
curves show sharp peaks at equidistant points in fc-space 
from the T (Fig. 2(a)) and Z-points (Fig. 2(b)) at a 
value of ~ (± 0.15 ± 0.01)b*. The peak to peak sep- 
aration in fc-space(~ 0.30b*) matches the CDW vector 
(2k F = 0.295b*)in TTF-TCNQ, known from structural 
studies EUll Hi- Similar peaks in MDCs have been 
observed in the quasi 1-D conductors K0.3M0O3 0] and 
(TaSe^I which undergo the Peierls' transition but 
do not show evidence for spin-charge separation. The 
MDC peak widths at T = 30 K for the TCNQ spinon- 
band derived surface is ~ 0.05b* A -1 (Fig. 2(a)). This 
peak width implies a CDW coherence length of ~ 120 
A. The MDC peak width (~ 0.1b* A" 1 , Fig. 2(b)) for 
the TTF-derived surface implies a shorter CDW coher- 
ence length of ~ 60 A. These values are consistent with 
recent X-ray diffuse scattering studies j2^ and suggest 
that the TCNQ derived CDW order is more robust and 
induces the Peierls' order in the TTF stacks. The results 
indicate the 2kp and 4kp order in the TCNQ surface is 
derived from electron-electron correlations and the 2kp 
order in TTF surface alone is due to an electron phonon 
coupling induced Peierls' transition. This clarifies the 
specific role of TTF and TCNQ derived electronic states 
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FIG. 1: (Color) Temperature dependent Luttinger surface 
maps: Fig. 1 (a-c) show the Luttinger surfaces of TTF-TCNQ 
as a function of temperature (200-100-30 K), obtained from 
angle- resolved photoemission spectra. Fig. 1(a) shows the 
TTF (along slice 1, centered at k y ~ ± 0.13b*) and TCNQ 
(along slice 1, centered at k y ~ ± 0.17b*) main Luttinger sur- 
faces are separated in momentum space (see also schematic 
Fig. 1(e)). The TCNQ surface shows a 4/cf CDW superstruc- 
ture at about ± 0.43b* along slice 1 (T-Y) in fc-space. The T 
= 100 K map (Fig. 1(b)) show features due to the 2k F CDW 
order in addition to the 4fc_F CDW vectors which evolve with 
reducing temperature. Fig. 1(c) shows that the low tempera- 
ture (T = 30 K) main TTF and TCNQ Luttinger surfaces are 
nearly 1-D, in good agreement with a nesting picture of the 
2kp CDW vector. The main Luttinger surfaces occur at ky 
~ ± 0.15b* and the 4k F superstructures are at ~ ± 0.45b* 
along slice 1 (DY) in fc-space (dark blue and green regions 
shown schematically in Fig. 1(f) ). Fig. 1(d) is a gray scale 
map of Fig. 1(c), showing the weaker backfolded structures 
(at k y ~ 0b* and ± 0.3b*) more clearly. Along slice 2, the 
superstructures reflect deviations from perfect nesting due to 
small differences in peak positions and widths of the main 
Luttinger surfaces. Light blue and geeen regions in schematic 
Fig. 1(f) show the relation of the backfolded features with the 
2fc_p and 4fc F CDW order. 
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FIG. 2: Momentum distributuion curves of TTF-TCNQ: Fig. 
2(a) and (b) show the momentum distribution curves (MDCs) 
along slice 1 (TCNQ derived band) and slice 2 (TTF derived 
band) at T = 30 K obtained using ARPES spectra. At T = 
30 K, the separation in their positions (0.3 ± 0.01)b* matches 
the CDW vector (2kF = 0.295b*) known from structural stud- 
ies. The peak widths imply a CDW coherence length of ~ 
120 Afor the TCNQ and ~ 60 Afor the TTF derived surfaces. 
Small gray arrow marks the weak superstructure also seen in 
the maps (Fig. 1(d)). 



as a function of momentum and temperature compared 
with earlier work [HEIEIEIEII 

In addition to the main TTF and TCNQ Luttinger 
surfaces, additional weak features are seen at T = 30 K 
in the MDCs of Fig. 2(a) and (b), marked with small ar- 
rows. These features are better seen in Fig. 1(d), which 
is a gray scale image of Fig. 1(c), plotted in order to see 
the weak features with stronger contrast. The T = 30 K 
gray scale image shows many more features compared to 
the 200 K plot (Fig. 1(a)). We checked for the separa- 
tion between the features along b* and find that the weak 
features occur exactly at multiples of 2kp and Akp vec- 
tors obtained by a backfolding from the second Brillouin 
zone. The deviations from quasi ID behavior in the weak 
features is attributed to the difference in peak widths and 
positions along b* in the main TTF and TCNQ Luttinger 
surfaces, which get multiplied for the weak features. A 
very weak feature is also seen in Fig. 1(a) near the T- 
point due to a backfolding of the AUf CDW vector at 
T = 200 K. A schematic of the high- and low-T main 



Luttinger surfaces and the backfolded Luttinger surfaces 
is drawn in Fig. 1(e) and (f) to explain all the observed 
features due to the 2k f and Akp CDW order and their 
multiples as seen in the maps. 

The observation of temperature dependent Luttinger 
surfaces indicates that angle - resolved photoemission 
spectroscopy provide important insights about CDW or- 
der in a Luttinger liquid, and its spectral function re- 
tains Fermi liquid-like properties in terms of peaks in 
MDCs, although the quasiparticles in EDCs are sup- 
pressed @EllllHl!laE3- The evolution from 

a Mott-Insulator (MI) to Luttinger liquid and then on 
to a Fermi liquid with a concomitant transformation of 
the Fermi surface topology was predicted theoretically 
for the Bechgaard salts, in a model of correlated chains 
with interchain hybridization [2fi| . Optical measurements 
indeed reveal evidence for spin-charge separation in the 
Bechgaard salts and a dimensionally driven insulator- 
metal transition |27^ . Luttinger surface studies are ea- 
gerly awaited for this family of quasi 1-D correlated met- 
als which also exhibit density wave order and supercon- 
ductivity. If we identify the MI phase with the CDW 
ordered phase, the same theoretical phase diagram |2^| 
holds for the topology change observed in TTF-TCNQ 
(Fig. l(a)-(c)). While recent work has [Hl^ identified 
the power law characteristic of Luttinger liquids in angle- 
integrated photoemission spectra of Carbon nanotubcs 
[Hl^]], and also a doping dependent Luttinger to Fermi 
liquid crossover [2||, ARPES of the Fermi/Luttinger sur- 
faces in the Carbon nanotube systems are intrinsically 
difficult. 

In conclusion, the Luttinger surface topology, obtained 
from MDCs, changes from quasi-2D to quasi-lD with 
temperature. The high temperature quasi-2D surface ex- 
hibits 4fcp CDW superstructure in the TCNQ derived 
holon band, in the absence of 2fci? order. On decreas- 
ing temperature, a quasi-lD nested 2kF CDW order in 
the TCNQ spinon band and in the TTF surface is ob- 
tained. The results show the link in momentum-space be- 
tween charge order and spin-charge separation in a Lut- 
tinger liquid. The present study indicates T-dependent 
Luttinger surface topology is very important for density- 
wave phenomena in low dimensional correlated systems. 



Acknowledgments 

This study was supported by a Grant-in-Aid for Sci- 
entific Research(No.l6GS50219) from the Ministry of 
Education, Culture, Sports, Science and Technology of 
Japan. 



[1] N. W. Ashcroft, N. D. Mermin, Solid State Physics [2] T. Valla, A. W. Fedorov, P. D. Johnson, B. O. Wells, 
(Saunders College Publishing, Florida,1976) pp.142. S. L. Hulbert, Q. Li, G. D. Gu, N. Koshizuka, Science 



4 



285, 2110 (1999). 
[3] J. W. Allen, Solid State Comm. 123, 469 (2002). 
[4] Y. Ren, P. W. Anderson, Phys. Rev. B 48, 16662 (1993). 
[5] C. Kim, A. Y. Matsuura, Z.-X. Shen, N. Motoyama, H. 

Eisaki, S. Uchida, T. Tohyama, S. Maekawa, Phys. Rev. 

Lett. 77, 4054 (1996); M. Z. Hasen, P. A. Montano, E. D. 

Isaacs, Z.-X. Shen, H. Eisaki, S. K. Shiha, Z. Islam, 

N. Motoyama, S. Uchida, Phys. Rev. Lett. 88, 177403 

(2002). 

[6] D. Orgad, S. A. Kivelson, E. W. Carlson, V. J. Emery, 

X. J. Zhou, Z.-X. Shen, Phys. Rev. Lett. 86, 4362 (2001). 
[7] G. H. Gweon, J. W. Allen, J. D. Denlinger, Phys. Rev. 

B 68, 195117 (2003). 
[8] S. A. Kivelson, I. P. Bindloss, E. Fradkin, V. Oganesyan, 

J. M. Tranquada, A. Kapitulnik, C. Howald, Rev. Mod. 

Phys. 75, 1201 (2003). 
[9] I. Dzyaloshinskii, Phys. Rev. B 68, 085113 (2003). 
[10] A. J. Heeger, in Highly Conducting One-Dimensional 

Solids, J. Devreese, Ed. (Plenum, New York, 1979) pp. 

69. 

[11] Y. Tomkiewicz, A. R. Taranko, J. B. Torrance, Phys. 
Rev. Lett. 36, 751 (1976). 

[12] J. P. Pouget, S. K. Khanna, F. Denoyer, R. Comes, A. F. 
Garito, A. J. Heeger, Phys. Rev. Lett. 37, 437 (1976). 

[13] G. Shirane, S. M. Shapiro, R. Comes, A. F. Garito, A. J. 
Heeger, Phys. Rev. B 14, 2325 (1976). 

[14] S. Kagoshima, H. Nagasawa, T. Sambongi, One Dimen- 
sional Conductors (Springer- Verlag, Berlin, 1987). 

[15] G. Gruner, Density Waves in Solids (Addison Weley, 
Reading, 1994). 

[16] D. Jerome, Chem. Rev. 104, 5565 (2004). 

[17] F. Zwick, D. Jerome, G. Margaritondo, M. Onellion, J. 



Voit, M. Grioni, Phys. Rev. Lett. 81, 2974 (1998). 

[18] R. Claessen, M. Sing, U. Schwingenschlogl, P. Blaha, M. 
Dressel, C. Jacobsen, Phys. Rev. Lett. 88, 096402 (2002). 

[19] J. M. P. Carmelo, K. Penc, L. M. Martelo, P. D. Sacra- 
mento, J. M. B. Lopes dos Santos, R. Claessen, M. Sing, 
U. Schwingenschlogl, Europhys. Lett. 67, 233 (2004). 

[20] T. Yokoya, S. Tsuda, T. Kiss, S. Shin, T. Mochiku, K. 
Hirata, Jap. Jl. Applied Phys. 43, 3618 (2004). 

[21] S. Ishibashi, M. Kohyama, Phys. Rev. B 62, 7839 (2000). 

[22] J. P. Pouget, Z. lur Kristallographie 219, 711 (2004). 

[23] A. V. Fedorov, S. A. Brazovskii, V. N. Muthukumar, 
P. D. Johnson, J. Xue, L.-C. Duda, K. E. Smith, W. H. 
McCarroll, M. Greenblatt, S. L. Hulbert, J. Phys.: Con- 
dens. Matter 12, L191 (2000). 

[24] L. Perfetti, H. Berger, A. Reginelli, L. Degiorgi, H. 
Hochst, J. Voit, G. Margaritondo, M. Grioni, Phys. Rev. 
Lett. 87, 216404 (2001). 

[25] T. Takahashi, D. Jerome, F. Masin, J. Fabre, L. Giral, 
J. Phys. C: Solid State Phys. 17, 3777 (1984). 

[26] S. Biermann, A. Georges, A. Lichtenstein, T. Giamarchi, 
Phys. Rev. Lett. 87, 276405 (2001). 

[27] V. Vescoli, L. Degiorgi, W. Henderson, G. Gruner, K. P. 
Starkey, L. K. Montgomery, Science 281, 1181 (1998). 

[28] H. Ishii, H. Kataura, H. Shiozawa, H. Yoshioka, H. Ot- 
subo, Y. Takayama, T. Miyahara, S. Suzuki, Y. Achiba, 
M. Nakatake, T. Narimura, M. Higashiguchi, K. Shi- 
mada, H. Namatame, M. Taniguchi, Nature 426, 540 
(2003). 

[29] H. Rauf, T. Pichler, M. Knupler, J. Fink, H. Kataura, 
Phys. Rev. Lett. 93, 096805 (2004). 



